ABSTRACT: Atrioventricular reentry tachycardia (AVRT) requiring an accessory atrioventricular pathway (AP) is the most common type of arrhythmia in the perinatal period. The etiology of these arrhythmias is not fully understood as well as their capability to dissipate spontaneously in the first year of life. Temporary presence of APs during annulus fibrosus development might cause this specific type of arrhythmias. To study the presence of APs, electrophysiological recordings of ventricular activation patterns and immunohistochemical analyses with antibodies specifically against atrial myosin light chain 2 (MLC-2a), Periostin, Nkx2.5, and Connexin-43 were performed in embryonic mouse hearts ranging from 11.5 to 18.5 days post-conception (dpc). The electrophysiological recordings revealed the presence of functional APs in early (13.5-15.5 dpc) and late (16.5-18.5 dpc) postseptated stages of mouse heart development. These APs stained positive for MLC-2a and Nkx2.5 and negative for Periostin and Connexin-43. Longitudinal analyses showed that APs gradually decreased in number (p ϭ 0.003) and size (p ϭ 0.035) at subsequent developmental stages (13.5-18.5 dpc). Expression of periostin was observed in the developing annulus fibrosus, adjacent to APs and other locations where formation of fibrous tissue is essential. We conclude that functional APs are present during normal mouse heart development. These APs can serve as transient substrate for AVRTs in the perinatal period of development. (Pediatr Res 70: 37-43, 2011)
I
n the fetus and newborn, atrioventricular (AV) reentry tachycardia (AVRT) is a relatively common tachyarrhythmia. AVRT requires the presence of an accessory AV pathway (AP) that crosses the isolating annulus fibrosus. Initial management of AVRT can be difficult, but the natural course is benign and most children remain symptom-free without medication after the age of 1 year (1-3).
Annulus fibrosus formation plays a key role in the separation of atrial and ventricular myocardium in the AV canal (4) and encompasses interactions between several molecular pathways (5, 6) , which have not yet been completely identified. Periostin, a member of the fascilin gene family (7) , is highly expressed in collagen rich-fibrous connective tissue in the developing heart that is subjected to high mechanical stress (8, 9) . Recently, it has been revealed that periostin directly regulates collagen-I fibrillogenesis (8) . The inductive role of periostin on fibrous tissue formation seems to be of special interest in annulus fibrosus anlage (10, 11) .
In mature hearts, the atrial and ventricular myocardium are electrically separated in two myocardial compartments, which are interconnected via the AV conduction axis, i.e. the AV node and bundle of His (5) . At early embryonic stages, however, the atrial and ventricular myocardium are continuous in the primitive AV canal, establishing a ventricular base-to-apex activation pattern. At later stages, ventricular conduction transforms into the mature apex-to-base activation. The switch from ventricular base-to-apex in apex-to-base activation is suggested to be closely related to the completion of ventricular septation and annulus fibrosus development (12, 13) . Nevertheless, contemporary electrophysiological studies in embryonic mouse hearts have shown that before ventricular septation is completed, a mature apex-to-base activation is already present, suggesting that the AV conduction axis is functional far before ventricular septation has finished (14, 15) .
It has been hypothesized that temporary persistence of the embryonic AV myocardial continuity during annulus fibrosus development might serve as APs. Consequently, these transient APs may provide the substrate for AVRT in the perinatal period and explain its self-limiting character. Studies in avian demonstrated that antegrade conducting APs are present at late postseptated stages of heart development, which gradually diminish during fetal life (12) . In mammalian hearts (15, 16) , including human (17, 18) , APs have also been described throughout cardiac development. Thus far, the description of APs in mammals mainly focused on the electrophysiological properties of primitive AV canal myocardium in preseptated hearts (15) and neither late stages of fetal heart development nor the exact course of APs at the developing annulus fibrosus were provided.
The current study for the first time describes the presence of "functional" APs in early and late postseptated stages of mouse heart development. Furthermore, we show that perios-tin is highly expressed in the developing annulus fibrosus at locations where separation of atrial and ventricular myocardium is mandatory.
MATERIALS AND METHODS
Animals and preparation of hearts. Animal experiments were approved by the Institutional Animal Care and Use Committee of the Leiden University Medical Center. Embryonic hearts were obtained from two separate WT mouse strains, C57Bl6/Jico and CD1. The presence of a vaginal plug 1 day after breeding was considered to be 0.5 days post-conception (dpc). Embryos of subsequent stages were used, ranging from 11.5 to 18.5 dpc (n ϭ 48). After cervical dislocation of the pregnant mouse, the uterus horns containing the embryos were harvested and placed in a Petri dish filled with Tyrode's solution containing 130 NaCl, 4 KCl, 1.2 KH 2 PO 4 , 0.6 MgSO 4 ⅐ 7H 2 O, 20 NaHCO 3 , 1.5 CaCl 2 ⅐ 2H 2 O, and 10 glucose (mmol/L; chemicals obtained from Merck, Darmstad, Germany) at 37°C. Subsequently, in Tyrode's solution of 0°C, the embryonic hearts were dissected one-by-one.
Electrophysiologic recordings. In the electrophysiology setup, the embryonic hearts were attached with fine wires through extracardiac tissue in a fluid heated, temperature-controlled (Physitemp Instruments Inc, Clifton, NJ) Petri dish of 35.5-37°C onto a layer of agarose gel (Roche Diagnostics, Mannheim, Germany). During the 3-min equilibration period and subsequent electrophysiological recordings, the hearts were constantly super-perfused with Carbogenated (95% O 2 and 5% CO 2 ) Tyrode's solution at 37°C. Unipolar tungsten electrodes (tip: 1-2 m; impedance: 0.9 -1.0 M⍀; WPI Inc, Sarasota, FL) were positioned on the right atrium (RA), right ventricular base (RVB), left ventricular base (LVB), and left ventricular apex (LVA; Fig. 1 ), using microscopic-guided micromanipulators (Wild Heerbrugg, M7A, Switzerland). An Ag/AgCl electrode in the Petri dish served as reference electrode.
All electrograms were recorded under stable sinus rhythm with a highgain, low-noise, direct-current bioamplifier system (Iso-DAM8A; WPI Inc, Berlin, Germany), with four isolated preamplifier modules with an output impedance of Ͼ10 12 ⍀. The signals were band-passed (300 Hz-1 kHz) and notch-filtered (50 Hz) before being digitized at a sample rate of 1 Ն kHz with a computerized recording system (Prucka Engineering Inc, Houston, TX) and stored on optical disks for offline analysis.
The basal cycle length/heart rate (HR) of each heart and local depolarization time of each electrode, defined as maximal negative deflection on the unipolar electrogram, were calculated by the average of 10 consecutive beats. Subsequently, ventricular activation patterns of each heart were determined: base-to-apex if the RVB or LVB depolarized 1 Ն ms before the LVA; apex-to-base if the LVA depolarized 1 Ն ms before the RVB or LVB; concurrent if the depolarization time between the LVA and LVB or RVB was Ͻ1 ms. After recordings, all the hearts were fixed in 4% paraformaldehyde for immunohistochemical processing.
Immunohistochemistry and immunofluorescence. Standard immunohistochemistry was performed with 1/2000 atrial myosin light chain 2 (MLC-2a, gift from S.W. Kubalak, Charleston, SC), 1/1000 Periostin (R.R. Markwald, Charleston, SC), and 1/200 Connexin-43 (Cx43; Sigma Chemical Co., C6219, St. Louise, MO) specific antibodies. Immunofluorescent double staining procedures were performed combining 1/250 periostin and 1/2000 NK2 transcription factor-related locus 5 (Nkx2.5; sc-8697, Santa Cruz Biotechnology, Heidelberg, Germany) specific antibodies. Detailed description of the staining procedures can be found in previous publications (10 -12) .
Morphology and statistics. All hearts were studied for the presence of APs including their location at the developing annulus fibrosus using an Olympus BH-2 lighting microscope. AP-width was calculated by counting the number of subsequent MLC-2a-stained sections through which a single accessory connection could be followed and multiplied by 25 m (distance between subsequent MLC-2a-stained sections).
Statistical analysis of HR and AV conduction time was performed with a t test if values were equally distributed (skewness is Ϫ1 ); otherwise, a Mann-Whitney U test was used. Analyses of AP-number and AP-width were performed with a univariate analyses of variance (unianova). A P value of Ͻ0.05 (two-tailed) was considered to be significant. The SPSS15.0 software package (SPSS Inc, Chicago, IL) was used for all analyses.
RESULTS
Preseptated hearts (11.5-13.5 dpc; n ‫؍‬ 6). The mean recorded HR in preseptated hearts was 94 Ϯ 24 beats per minute (bpm) with a mean AV interval of 84 Ϯ 13 ms. Comparable with previous studies (14, 15) , most preseptated hearts (67%) already showed LVA activation before RVB or LVB activation, indicating that the AV conduction axis is functional before ventricular septation has been completed. In two hearts, concurrent ventricular apex and base activation patterns were observed (Table 1) .
Early postseptated hearts (13.5-15.5 dpc; n ‫؍‬ 29). In early postseptated hearts, a mean HR of 115 Ϯ 41 bpm was recorded with a mean AV interval of 80 Ϯ 17 ms. Interestingly, only 38% of early postseptated hearts showed an apexto-base ventricular activation pattern, and the largest group showed base-to-apex and concurrent ventricular activation patterns (62%). Concurrent apex and base activation was recorded in the majority of early postseptated hearts (48%). More detailed analyses of concurrent activated hearts showed that in most of these hearts (41%), concurrent activation occurred between the LVB and LVA. In two hearts (7%), the RVB was activated before the LVA, and also in two hearts (7%), the LVB was activated before LVA (Table 1) . Statistical analyses of AV conduction time showed no significant differences (P ϭ NS) between the mean AV conduction time in apex-to-base (78 Ϯ 12ms; n ϭ 11) and base-to-apex and concurrent (81 Ϯ 20 ms; n ϭ 14) activated hearts.
Late postseptated hearts (16.5-18.5 dpc; n ‫؍‬ 13). The mean HR recorded in these hearts was 95 Ϯ 27 bpm with a mean AV interval of 81 Ϯ 18 ms. A mature apex-to-base activation pattern was observed in only 46% of the hearts (n ϭ 6). In a relatively large group of hearts, activation of the LVB before the LVA was recorded (31%). Concurrent apex and base activation was observed in 15%, by which concurrent activation only occurred between the LVB and LVA. Furthermore, activation of the RVB before the LVA was observed in one heart (Table 1) . Analyses of the mean AV conduction time showed no significant difference (P ϭ NS) in apex-to-base (80 Ϯ 22 ms; n ϭ 6) and base-to-apex and concurrent (82 Ϯ 16 ms; n ϭ 7) activated hearts.
Examples of unipolar-electrophysiological recordings of apex-to-base, base-to-apex, and concurrent activated hearts are shown in Figures 2 and 3 .
APs during cardiac development. In all preseptated hearts (n ϭ 6), the MLC-2a-stained sections showed a myocardial continuity between the atria and ventricles over the primitive AV canal. At several locations in the left and right AV ring, separation of atrial and ventricular myocardium by the developing annulus fibrosus was observed (Fig. 4A, B, and D) . The primitive ventricular septum was already present at 11.5 dpc, and ventricular septation was completed between 13.5 and 14.5 dpc. At the dorsal side of the heart, a broad myocardial continuity between the atria and ventricles was observed, i.e. the AV conduction axis (data not shown). At 12.5 dpc, expression of Cx43 was present in the working myocardium of both atria and ventricles, whereas Cx43 expression was absent in the myocardium of the complete AV canal ( Fig. 4C  and E) .
In all early postseptated hearts (13.5-15.5 dpc; n ϭ 29), APs were found around both the mitral and tricuspid orifice of the AV canal. Some of the APs consisted of a single strand of cardiomyocytes, whereas others comprised broad myocardial continuities. At these stages, Cx43 was clearly present in the working myocardium of the atria and ventricles; however, all APs were negative for Cx43 ( Fig. 4G and H) . At early postseptated stages, APs were more often located around the mitral orifice (63%; p ϭ 0.000), and analyses of the AP-width also showed a larger mean total AP-width at that specific region (p ϭ 0.000; Table 2 ). Interestingly, in almost all early postseptated hearts (24/29), a broad Cx43 negative AP was present at the anterolateral position of the left AV junction connecting the left atrial myocardium and left ventricular myocardium along its free wall ( Fig. 4F-H) . In all late postseptated hearts (16.5-18.5 dpc; n ϭ 13), APs were still observed around the mitral and tricuspid orifice. The expressions pattern of Cx43 was similar compared with earlier stages, and all APs were still Cx43 negative (data not shown). Although the mean total AP-width at these stages was largest at the mitral orifice (p ϭ 0.028), no differences were found between the mean number of APs at the mitral and tricuspid orifice (p ϭ NS). Compared with earlier stages, the mean number of APs per heart around the mitral orifice had decreased significantly (p ϭ 0.000), whereas no significant decrease was observed at the tricuspid orifice (p ϭ 0.136; Table 2 ). Furthermore, the anterolateral AP at the left AV junction was present in all hearts (13/13).
Longitudinal analyses of AP-number and AP-width in all postseptated hearts of subsequent developmental stages (13.5-18.5 dpc; n ϭ 42) showed significant decrease both in mean number of APs (p ϭ 0.003; Fig. 5 ) and mean total AP-width (p ϭ 0.035). Furthermore, differences were observed in the rate by which APs disappeared around the mitral and tricuspid orifice, which appeared significantly faster at the left side of the AV junction (p ϭ 0.015).
Periostin expression in relation to annulus fibrosus development and APs. Expression of periostin was present in all embryonic and fetal stages (11.5-18.5 dpc) and specifically limited to the epicardium, the endothelial lining of atrial and ventricular trabeculae, the subendocardial region of both outflow and AV cushions, and the interstitial fibroblasts flanked by working myocardium in the atria and ventricles. At later stages (Ͼ14.5 dpc), strong expression was also observed in the AV cushion-derived AV valves including their tension apparatus as well as in the endothelial lining of the developing coronary vessels. Remarkably, periostin was absent in parts of the AV conduction axis, especially in the atrioventricular node (data not shown). Periostin expression was clearly present in the developing annulus fibrosus. Strongest expression was observed at the immediate border between the developing annulus fibrosus and AV canal myocardium (Fig. 6A-C and G-I). Furthermore, high expression of periostin seemed to overlap with the MLC-2a positive APs around both the mitral and tricuspid orifice (Fig. 6I) . Immunofluorescent double stained sections with periostin and Nkx2.5 were used to study the developing annulus fibrosus in relation to the AP cardiomyocytes (Fig. 6D-F and J-L) . At all developmental stages, periostin was strongly expressed in fibroblasts bordering AP cardiomyocytes (11.5-18.5 dpc); however, no periostin expression could be demonstrated in Nkx2.5 positive cardiomyocytes themselves (Fig. 6F and L) .
At early postseptated stages (13.5 dpc), low periostin expression was observed at the anterior side of the left AV junction in almost all hearts, corresponding to the location of the left anterolateral APs. These broad APs were positive for the myocardial markers MLC-2a and Nkx2.5 but negative for periostin (Fig. 6A-F) . At later postseptated stages (Ͼ16.5 dpc), expression of periostin increased at these specific areas (Fig. 6G-L) .
DISCUSSION
AVRT is a relatively common tachyarrhythmia in fetuses and neonates, which seems to resolve in the majority of cases during the first year of life (1, 2) . It has been suggested that APs involved in these tachycardias are remnants of the primary AV canal myocardium, which disappear during development and maturation of the annulus fibrosus before and after birth (12, 18) . Although presence of APs has been demonstrated during normal cardiac development in human fetuses and neonates, their etiology and conducting properties as well as their causative role in AVRT are largely unrevealed (17) (18) (19) (20) . It is known that APs can be associated with congenital heart disease specifically with abnormal tricuspid valve development like in Morbus Ebstein (21) . In a minority of cases, genetic mutations are involved (22, 23) , like PRKAG2 in familial Wolff-Parkinson-White preexcitation syndrome (24) or in Alk3, which results in a disrupted annulus fibrosus with Cx43 positive APs in mouse (5) .
AP location in relation to arrhythmias. The conducting properties of the primitive AV canal myocardium has recently been demonstrated in mouse embryos (15) . Here, we show that annulus fibrosus development occurs near the Cx43 negative AV canal myocardium (25) . Furthermore, the presence of antegrade conducting Cx43 negative APs were demonstrated, which significantly decreased in number and size along normal mouse heart development, but sometimes remained present at late postseptated stages (Fig. 5) .
Recently, similar APs were demonstrated during normal quail heart development, where most APs were found at the posteroseptal aspect of the tricuspid valve orifice (12) . In contrast, we demonstrated the majority of APs at the anterolateral aspect of mitral orifice in mouse. In quail, the preferential location of right posteroseptal APs might be explained by the physiological delay of right ventricular inflow tract formation with prolonged isolation of this part of the annulus fibrosus (16) . This might also shed light on the observation that occasionally right-sided APs directly penetrate through the annulus fibrosus, whereas left-sided APs rather more frequently skirt the annulus and have a more epicardial position as observed in autopsy studies of human WolffParkinson-White syndrome (26) . It seems tempting to postulate that APs that directly penetrate the isolating annulus, as observed in the current study, are related to normal AV junction isolation and disappear along fetal and early postnatal life.
Interestingly, the left anterolateral APs observed in late postseptated embryonic mouse hearts have been reported in studies on cardiac conduction system (CCS) development by means of CCS-lacZ expression. Bundles of lacZ expressing cardiomyocytes were observed at the same left anterolateral position at the developing AV junction, which did not form part of the developing CCS. In some hearts, these bundles could be traced until postnatal stages and have been related to Wolff-Parkinson-White syndrome (14) .
Differences with respect to morpho-histology and electrophysiology were noticed between the mitral and tricuspid valve orifice. In early postseptated hearts, a significant majority of APs were observed around the mitral valve orifice, and also the largest total AP-width was found in this area both in early and late postseptated hearts. These histological findings seem to correlate with the electrophysiological recordings showing that in the majority of base-to-apex activated postseptated hearts, the LVB (and not the RVB) is activated prior or concurrent to the LVA. However, a coincidental relationship cannot be expelled, because a direct relation between morphologically observed APs and their individual ability to conduct could not be made (12) . Especially at early postseptated stages, multiple APs are present of which some might act as innocent bystanders, i.e. not able to conduct.
Recently, we demonstrated the presence of APs during human heart development, which also decreased along embryonic and fetal life (18) . It remains to be determined whether these physiological APs in human are functional and can form the substrates for AVRT. Interestingly, APs involved in AVRT are more often located around the mitral valve orifice (27) , which seems to correspond to the high frequency of conducting left-sided APs as observed in the current study.
Periostin expression in relation to annulus fibrosus formation and persistent APs. Periostin is expressed in the developing annulus fibrosus (12, 18) , specifically at locations where separation of atrial and ventricular myocardium is needed. At these regions, periostin might induce formation of isolating fibrous tissue, as it directly regulates collagen-I fibrillogenesis (8) .
The broad Cx43 negative anterolateral APs around the mitral orifice, which most probably have an imperative role in the large group of early LVB and concurrent activated hearts, were predominantly periostin negative at early postseptated stages. This seems to indicate that only APs negative for periostin are able to conduct, which correspond to recent findings of electrophysiological studies in neonatal mouse hearts (5) . At later stages, periostin expression increases near the left anterolateral APs, suggesting an active process of isolation in that particular region. Interestingly, annulus fibrosus formation is not strictly limited to the prenatal stages, because contemporary studies demonstrated that formation of the fibrous structures of the heart extends into early postnatal development (28, 29) . Therefore, we postulate that periostin has an important role in AV junction isolation by stimulation of fibrous tissue formation, thereby separating atrial and ventricular myocardium, which subsequently will lead to regression of conducting APs pre-and postnatally.
The regulation of periostin and the exact way it contributes in annulus fibrosus formation remain to be elucidated. However, it has been demonstrated that several growth factors including bone morphogenetic proteins (BMPs) (30), TGF-␤ (7) and PDGFs (31) are involved, which are highly expressed in the developing AV region. In addition, state-of-art studies performed in avian hearts indicated that epicardium-derived cells play a key role in periostin regulation involved in annulus fibrosus development. Inhibition of early epicardial outgrowth, resulted in a disturbed annulus fibrosus development coinciding with a high frequency of periostin negative antegrade conducting APs (10, 11) .
CONCLUSION
The current study demonstrates that antegrade conducting APs, which are remnants of Cx43 negative primitive AV canal myocardium, remain present until late fetal stages of normal mouse heart development. These conducting APs can act as substrate for AVRT. Ongoing formation and maturation of the annulus fibrosus in which periostin seems to have an important role may explain spontaneous resolution of these arrhythmias in fetuses and neonates.
